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This research aims to investigate the mechanical performance of the different weight proportions of nano-TiO2 combined with Kevlar fiber-based hybrid composites under cryogenic conditions. The following parameters were thus considered: (i) Kevlar fiber mat type (100 and 200 gsm); (ii) weight proportions of TiO2 nanofiller (2 and 6 wt%); and (iii) cryogenic processing time (10–30 min at −196°C). The composites were fabricated through compression molding techniques. After fabrication, the mechanical characteristics of the prepared nanocomposites—such as tensile, bending, and impact properties—were evaluated. The optimal mechanical strength of nanofiller-based composites was analyzed using response surface methodology (RSM) and artificial neural networks (ANNs). Compositions, such as four weight percentages of nano-TiO2 filler, 200 gsm of the Kevlar fiber mat, and 20 min of cryogenic treatment, were shown to produce the maximum mechanical strength (65.47 MPa of tensile, 97.34 MPa of flexural, and 52.82 J/m2 of impact). This is because residual strains are produced at low temperatures (cryogenic treatment) due to unstable matrices and fiber contraction. This interfacial stress helps maintain a relationship between the reinforcement and resin and improves adhesion, leading to improved results. Based on statistical evaluation, the ratio of correlation (R2), mean square deviation, and average error function of the experimental and validation data sets of the experimental models were analyzed. The ANN displays 0.9864 values for impact, 0.9842 for flexural, and 0.9764 for tensile. ANN and RSM models were used to forecast the mechanical efficiency of the suggested nanocomposites with up to 95% reliability.
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1 INTRODUCTION
Research interest in the use of natural fiber as reinforcement in composites has grown over the past 15 years to create environmentally friendly, renewable sources. The recyclability, availability, and excellent mechanical properties of natural fabrics are the main reasons for accelerating their use as reinforcement to replace conventional fibers (Luzi et al., 2019; Behnam Hosseini, 2020). Organic fiber-based composite materials have aroused interest because they can replace artificial fiber-based composites. Biosourced fibers can meet industry needs for reinforced composites by 31% (Li et al., 2006; Su et al., 2008). Bast fiber-based (kenaf, hemp, ramie, and jute) composites have brought to attention some natural materials accessible in various industries, including maritime, automobile, and architecture. However, the watery character of organic fiber composites, which affects the interface qualities between reinforcement and resin and reduces the composite’s mechanical capabilities, is a major problem (Rana et al., 1998; Li et al., 2000). Textile composites are commonly utilized; these incorporate reinforcement of either natural or synthetic fibers or textiles within the matrix. Composite materials, which are characterized by considerably reduced weight, exhibit enhanced mechanical, thermal, electrical, and ballistic properties. Depending on the application’s specific requirements, these attributes can be further fine-tuned with diverse surface treatments (Velmurugan and Babu, 2020). Synthetic fibers constitute the primary constituents; these encompass a range of materials including glass, carbon, boron, polyethylene, and aramid fibers. Among these, para-aramid Kevlar fibers have stood out, featuring 1,4-para-substituted aromatic rings. These monomeric chains form unidirectional hydrogen bonds that combine to generate sheets and are subsequently rolled into microfibrils with diameters of 12–60 nm. When these microfibrils aggregate, they form Kevlar fibers known for their rigidity and nonlinear behavior under crosswise compression and longitudinal elasticity when subjected to longitudinal strain (Thakur et al., 2014). Highly crystalline poly-aramid Kevlar fibers exhibit densities of 1.44–1.47 g per cm3. Kevlar fibers come in various grades, including K-29 (maximal hardness), K-49 (greater elasticity), K-100, K-119 (enhanced ductility), K-129 (superior shock resistance), K-149, and KM2 (notable rigidity and toughness). Kevlar fibers are favored as textiles due to their ability to reinforce the polymeric matrix, yielding Kevlar fiber-reinforced polymer (KFRP) textile composites. These composites are renowned for their exceptional durability, elasticity, impact resistance, shock-absorbing capabilities, heat resistance, thermal insulation, low density, minimal thermal conductivity, and heightened multidimensional consistency (Prasob and Sasikumar, 2018; Ganesan et al., 2020). The matrix material in these composites can be thermoset polymers such as epoxy, phenolic, or bismaleimide, known for their exceptional toughness, high heat resistance, and favorable electrical properties. Alternatively, a thermoplastic polymer may be employed, such as low- or high-density polyethylene, polyester, acrylics, or polypropylene (PP). KFRPs find widespread application in creating thermal insulators with stress-bearing rigidity across industries like cryogenics, aerospace, military, and law enforcement protection against high-velocity projectiles and containment systems for propulsion engines (Uma Devi et al., 1997; Prasob and Sasikumar, 2019). Due to their anisotropic behavior and composition, Kevlar fibers exhibit lower compressive, shear, and torsional strength and elastic modulus. To add specific strength and rigidity to fiber-based composites, Kevlar fibers are incorporated into a variety of topologies, including woven patterns (such as plain, twill, or satin weaves), braided yarn in bi- or tri-dimensional configurations, and unidirectional long or chopped fibers. The composite’s matrix component imparts stiffness and stability (Praveenkumara et al., 2022).
The fundamental flaw of the epoxy matrix, which limits its usage, is lower tensile strength, which is caused by excessive cross-linking concentration and the stress distribution created during curing. Numerous secondary nanofillers have augmented it to address the problem of poor yield stress, including nanosilica, carbon nanofibers, graphene, fumed silica, and rubber nanoparticles (Hemanth et al., 2017; Mannan et al., 2022). Epoxy nanocomposite is a secondary phase strengthened by nanofillers. The term “fiber-reinforced epoxy nanocomposite” refers to an epoxy nanocomposite that contains fiber as a reinforcement. Selecting the proper nanosized additives for sophisticated polymeric composites improves the effectiveness of organic composites (Chowdhury et al., 2021; Jawaid et al., 2022). As a result, adding nanofiller to existing fillers creates cutting-edge composites with numerous benefits. A much larger surface region between fillers and the polymer matrices is created per unit of volume due to the increased incidence angle of nanosized additives (Nayak et al., 2022). Consequently, this type of nanocomposite has excellent versatility, high strength, stiffness, lightweight, and corrosion-resistant qualities. The addition of nanofiller has improved tensile, thermostability, electromagnetic, and anaerobic decomposition qualities (Ramesh et al., 2022). Regarding metallic and metal oxide nanomaterials as reinforcement agents in fiber-reinforced composites, TiO2 nanoparticles are thought to be the most popular nanofiller now available. Amazing specificity, excellent dispersion, high adhesion, superior thermal resilience, and strong chemical cleanliness are some of titanium oxide’s appealing characteristics (Alsaadi et al., 2017; Maharana et al., 2021). However, the expense of such nanoparticles is by far their biggest drawback, although this is offset by employing a modest quantity of nanofiller. Optimum mechanical qualities are often only possible with minimal filler loading (Santhosh et al., 2018).
The hybridization of lightweight materials with more than one reinforcement component, such as fibrous materials, has been extensively studied. Investigators have attached great importance to hybrid reinforced composites because of their special ability to customize mechanical properties (Friedrich, 2018). Fiberglass, carbon, Kevlar, and basalt are frequently used as reinforcing materials in hybrid composites and a few nanoscale nanoparticles. Since it has the greatest mechanical properties and dimensional stability of any reinforcement, Kevlar fiber is one of the most commonly used hybrids in natural fiber composites (Matykiewicz, 2020; Hussian Siyal et al., 2021). Due to its high cost and lack of recyclability, this fiber is regarded as ineffective, despite its excellent strength and rigidity. There are several important benefits to adding titanium dioxide (TiO2) filler to Kevlar composite materials. It improves the material’s mechanical qualities, such as impact resistance and tensile strength, making it more resilient and appropriate for structural uses. TiO2 offers superior UV protection for outdoor and aerospace applications, reducing material deterioration from prolonged sun exposure. Additionally, it lessens water absorption and increases thermal stability, which is critical for applications requiring moisture and heat resistance. Additionally, TiO2 can affect electrical and dielectric characteristics for applications such as electronics, and it enhances flame resistance, making it important in fire safety applications. Overall, Kevlar composites perform better, are more durable, and are more appropriate for various applications when TiO2 filler is added. The increasing use of Kevlar materials in cryogenic environments is a new field. Artificial materials composed of fibers can have better mechanical qualities owing to their cold features (Yogesh et al., 2022; Velmurugan and Natrayan, 2023). For example, materials used to build airplanes should be able to withstand extreme heat or cooling rates of up to 200 °C (Xu et al., 2017; Kara et al., 2018). Cryogenically processed lightweight materials and their matrix have greater strength, are often more durable, and have better durability and abrasion resistance. Consequently, liquid N2 processing of materials may become a crucial feature of innovative products to enhance the characteristics of composites made from organic resources (Zhang et al., 2009; Sethi et al., 2015).
Investigating how well these hybrid materials work in a cryogenic setting is novel. Due to thermal expansion and embrittlement, freezing temperatures can substantially affect the mechanical properties of a substance. An exciting research component examines how hybrid materials maintain or improve their mechanical features under difficult circumstances. The current project is unique as it is one of the first to analyze nanocomposite with interlaced Kevlar as reinforcement, and nano-TiO2 as filler in the epoxy matrix in cryogenic temperatures. The findings of this study might pave the way for novel applications of natural fiber-based composite in severe cold conditions.
The fundamental goal of the current research is to build, evaluate, and improve the material features of hybrid composite materials using the following conditions: weight proportions of nano-TiO2, thickness of Kevlar fiber in gsm, and duration of cryogenic processing. To complete these objectives, the composites were fabricated hybrid nanocomposites which had been compression-molded. The nanocomposites were fabricated using the following parameters: weight ratio of TiO2 filler, type of Kevlar mat, and cryogenic treatment duration. After fabrication, the composites were tested, and their impact on process parameters was optimized using RSM and ANN networks. This study offers a unique combination of materials, investigates how they behave in a difficult setting, employs cutting-edge statistical and machine learning approaches for optimization, and discusses the significance of the results for real-world applications. These add to the topic’s originality.
2 EXPERIMENTAL
2.1 Materials
Huntsman epoxy resin (AW 106) with a 1.52 g/cm3 density and hardener HV 953 U were used as matrix materials in the current research. The resin and matrix were procured from Deesh Chemical Industries, Chennai, Tamil Nadu, India. The Kevlar fiber mat (K-129 type with 200 gsm) used as the current study’s reinforcement was purchased from Rithu Recourses, Salam, India. The filaments were splashed in clean water before use and dehydrated in an oven at 75 °C. The highest purity and quality titanium oxide (TiO2) was purchased from Naga Chemical Industry in Chennai, Tamil Nadu, India. Table 1 shows some typical properties of the reinforcement and fillers.
TABLE 1 | ypical properties of reinforcement and fillers.
[image: Table 1]For composite preparations, 200 gsm (grams per square meter) of Kevlar fiber was preferred since it improves mechanical qualities and structural integrity and meets application-specific criteria. Improved strength, better load-bearing ability, and improved durability against delamination are all made possible by Kevlar fiber’s higher gsm, resulting in a composite product with superior hardness and impact resistance. In order to ensure that the composite satisfied the required performance objectives and was well-suited for its intended use—whether in aviation, the military, automobiles, or other sectors—the decision was frequently dictated by the particular demands of the application.
2.2 Fabrication of hybrid composites
The composite was fabricated using compression molding. In the first step, we mixed the different weight proportions of nano-TiO2 particles (2, 4, and 6 wt%) with epoxy resin through an ultrasonicator. This process took approximately 10 min, using ultrasonic waves to help mix them evenly. After mixing, TiO2 and epoxy were mixed in a special tube, and high-frequency sound waves were used to further mix them for 30 min. After that, the hardener was added to an epoxy–nanofiller mixer in a suitable weight proportion (10:1). Then the prepared mixer was poured into the Kevlar fiber mat, which was placed into a 300 × 300 × 3 mm metallic mold. Finally, the prepared mold was placed into the compression molding machine. The temperature and pressure of the compression molding process were maintained at approximately 170 °C and 15 bar, respectively. The same process was repeated up to 17 times to produce 17 different composite plates. Once the compression molding process was completed, the fabricated hybrid laminates were placed under ambient conditions for 24 h. Finally, the fabricated laminates were cut into different sizes (based on the ASTM standard) to examine their mechanical properties. Table 2 displays the composite’s features and respective concentrations.
TABLE 2 | Materials and their levels for nanocomposite.
[image: Table 2]2.3 Cryogenic treatment
A regulated high-temperature liquid chamber with preprogrammed controllers was utilized for the cryogenic rehabilitation process. The temperature was cooled to 196 °C using a measured preservation rate (3 °C/min). According to the concept designs, the created samples were submerged in N2 fluid at 77 K for 10, 20, and 30 min of cold working. After preparation, the composite was periodically warmed to an ambient temperature of 40°C/h.
2.4 Response surface methodology
Response surface methodology (RSM) is a combination of quantitative methodologies that can be utilized to examine data and their interaction effects through analytical trials to simultaneously build and resolve multidimensional problems. RSM is a geometrically based method used to estimate and describe the experimentally ideal conditions and a polynomial equation to construct a relationship between direct and indirect parts. A well-known RSM concept for enhancing strength properties is the Box–Behnken design (BBD). All longitudinal, nonlinear, and two different relationships were estimated using the spinning lesser designs that constitute the Box–Behnken model. Design decrease is not permitted: there are no corners in the design process. The axis endpoints are outside the rotating full factorial entity’s created visual studio container. The direction from the center of the design enabled the anticipated response to be calculated with the same variation. As shown in Table 1, extraction experiments utilizing BBD were conducted on three factors: Kevlar fiber mat (A), weight ratio of Kevlar (B), and cryogenic treatment durations (C). Results were calculated using a least-squares method for multi-regression evaluation (Sethi et al., 2015).
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where i stands for a coding number of a self-determining component, yi for its actual value, yo for its real value depending on the middle, and y for its modifying requirements. In the BBD, a cluster of spots only exists at the halfway point of an edge piece and the simulated center of the multidimensional blocks. The average results from a set of process conditions were utilized after three test iterations. The quadratic polynomial equation may be employed to prompt the quantitative response surface on such variables in a configuration with the three primary self-determining elements, Y1, Y2, and Y3 (2):
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where X is the expected response, α0 is the perfect quantities, Z1, Z2, and Z3 are momentous influences, [image: image] 1, [image: image] 2, and [image: image] 3 are rectilinear factors; [image: image] 12, [image: image] 13, and [image: image] 23 are creation irritated command factors; [image: image] 11, [image: image] 22, and [image: image] 33 are quadratic polynomial factors. The quadratic model calculation’s fitting level was described using the R2 correlation ratio. The melting of the polyolefin used in this study controlled the variables, including pressure, duration, and temperature. Manifold rectilinear deterioration investigation yielded the factors, and the computation could be employed to regulate the consequences. For such an inquiry, BBD with three aspects was chosen as the level of testing (Hemanth et al., 2017; Velmurugan et al., 2023).
2.5 Composite sample testing
The tensile characteristics of both primary and hybridized materials were tested according to the ASTM D3039-76 standard. The sample measured 250 × 25 × 3 mm. According to the ASTM D3039-76 regulation, the gauge length throughout the experiment was 150 mm, and the crosshead speeds were 2 mm/min. Measurements were made of the tensile characteristics, strain, and modulus of dry and saltwater-aged materials. The test was conducted using Instron-3389 Universal Testing Equipment. Three specimens of each type were used to examine them, and the average information was then published. This bending test was carried out according to ASTM D7264 specifications. The sample measured 70 × 12.7 × 3. The depth ratio for most of the experiment’s span length of 60 mm was 20:1. Utilizing the ASTM D256 criteria, the impact strength of both the original and hybridized composites was assessed. A 65 × 12.7 × 3 mm specimen was employed for the evaluation. Every specimen was examined three times, with the average result being noted. The fracture surface of the fabricated composites was examined through a scanning electron microscope (SEM). This mechanical and morphological analysis was conducted at SRM University, Chennai, Tamil Nadu, India.
3 RESULTS AND DISCUSSION
3.1 Response surface models
The RSM method for the mechanical features of hybridized fiber composites of Kevlar and nano-TiO2 is as follows: this study discovered that the tension, bending, and shock resistance values of the connection factor (R2) were, respectively, 0.9846, 0.9836, and 0.9850, proving the method’s suitability and the generated parameter’s precision. It is obvious that the relationships between tensile properties and respective components effectively compensate for information errancy. In Eqs 3–5, the symbols A, B, and C represent the Kevlar fiber types, TiO2 filler weight proportions, and cryogenic treatment durations, respectively.
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3.1.1 Analysis of developed mathematical models
The ANOVA approach often controls the RSM design and its variables’ adequacy and relevancy. The F-value is used to determine the suitability of the model. The ANOVA outcomes for the material characteristics of mixed lightweight materials are displayed in Tables 3–5. Using a prototypical F-value of 49.47, Table 3 demonstrates that the cubic model is adequate for forecasting ductility. Table 2 shows that the F rate of a quadratic equation prototype is below 0.0001, demonstrating that the prototypical is substantial. Furthermore, this study explores the diverse impacts of different Kevlar fiber types (labeled as A) and nano-TiO2 (designated as B) on crucial models (Sabarinathan et al., 2022).
TABLE 3 | ANOVA analysis of tensile behavior.
[image: Table 3]TABLE 4 | ANOVA analysis of bending behavior.
[image: Table 4]TABLE 5 | ANOVA analysis of impact behavior.
[image: Table 5]Using a prototypical F rate of 46.74, Table 4 demonstrates that the cubic prototypical is suitable for forecasting bending behavior. The “Prob > F” rate of a quadratic equation prototypical is below 0.0001, indicating that the prototypical is substantial. Similarly, the impact behavior results were achieved with an F-value of 50.93. The weight ratio of the nano-TiO2 models in the Kevlar fiber type (A) and (B) models is also important. In addition to the previously listed models, some others are less evident. Moreover, the weight proportion of the nano-TiO2 models in Kevlar fiber type (A) is important. A couple more are not immediately apparent in addition to previously described models. Figure 1 shows the stress–strain relationship of tensile and flexural behavior.
[image: Figure 1]FIGURE 1 | Stress–strain relationship of (A) tensile strength; (B) flexural strength.
The influence of fiber thickness (gsm) on the mechanical behaviors of Kevlar–nano-TiO2-mixed epoxy composite, such as tension, bending, and impact strength, is depicted in Figures 2A–C. The finest mechanical properties of Kevlar fiber are 200 gsm, which is superior to 100 gsm and 150 gsm. Poor levels at 100 gsm composite are due to inadequate load transmission caused by uneven fiber dispersion throughout matrices. Consequently, the composites industrialized a lattice district through a feeble fiber-to-fiber interface. The composite material was ripped out of the matrix when added in this condition. This illustrates that the 100 gsm contributing positively to the Kevlar fiber composite is inadequate for maintaining the mechanical stress. The composite’s mechanical properties improve when the mixture’s fiber is raised from 100 gsm to 200 gsm. This is primarily attributable to the fibers and matrix forming a strong link that prevented gaps in the composites by accepting additional fibers and maintaining proper load distribution. The collaboration between the reinforcement and the resin improved the fiber quantity. Consequently, more power is necessary to disrupt the link between the interlaced cellulose fibers (Mannan et al., 2022; Mohit et al., 2023).
[image: Figure 2]FIGURE 2 | Tensile behavior of TiO2/Kevlar-based nanocomposites, (A) Kevlar Mat type vs. Weight ratio of TiO2 vs. Tensile strength: (B) Kevlar Mat type vs. Cryogenic treatment vs. Tensile strength; (C) Weight ratio of TiO2 vs. Cryogenic treatment vs. Tensile strength.
The efficacy of the bending characteristics of the nano-TiO2 filler additives is shown in Figures 3A–C. Four weight percentages (4 wt%) of nano-TiO2 showed greater mechanical strength than 2 wt% and 6 wt%. A 4 wt% content of nano-TiO2 in resin may have better stress distribution and transmission, explaining its improved mechanical properties. The number and size of holes in the polymeric matrix improved with the addition of more loaded TiO2, which impacted the decohesion binding between the matrix and the reinforcement (Alsaadi et al., 2017; Hussian Siyal et al., 2021). Incorporating much more filled TiO2 into the polymeric matrix enhanced the permeability and diameter of the pores, which influenced the decohesion binding between fibers and matrix. Consequently, the adhesion, interwoven Kevlar, and combined nanoscale padding formulations produced adequate adhesives between surface nerve entrapment at a concentration of 4 wt%. Furthermore, the inclusion of 2 wt% and 6 wt% TiO2 resulted in a poor outcome, showing decreased strength properties. Moreover, 2 wt% and 6 wt% concentrations exhibited poor boundary adhesive of composites in woven Kevlar and polymeric, resulting in agglomerate due to poor adhering and poor hybrid functional capabilities.
[image: Figure 3]FIGURE 3 | Bending behavior of TiO2/Kevlar-based nanocomposites, (A) Kevlar Mat type vs. Weight ratio of TiO2 vs. Flexural strength; (B) Kevlar Mat type vs. Cryogenic treatment vs. Flexural strength; (C) Weight ratio of TiO2 vs. Cryogenic treatment vs. Flexural strength.
During cryogenic treatment, the nanocomposite surface experienced heat fluctuation and was visible in fluid N2 at −196 °C. Cryo-ablation is an exclusive approach to progressing thermoplastic nanocomposites’ material properties. Figures 4A–C shows how polymer-based hybrid composites’ mechanical properties are affected by cryogenic handling, which may be caused by the residual pressure formed through the firmness interface due to the compound substance’s freezing effort. Residual strains are produced at low temperatures due to the shifting matrices and fiber contraction. This interfacial stress helps maintain a relationship between the reinforcement and resin and improves adhesion, leading to improved results, although this is only feasible for the first 20 min. Thereafter, the composites’ mechanical characteristics decreased. This could occur due to layer-specific microcracking, potholing, or excessive stress (Sethi et al., 2015; Ganesan et al., 2020; Velmurugan and Babu, 2020). Figures 5A–C demonstrates the RSM values of actual and predicted values of TiO2-based hybrid composites.
[image: Figure 4]FIGURE 4 | Impact behavior of TiO2/Kevlar-based nanocomposites, (A) Kevlar Mat type vs. Weight ratio of TiO2 vs. Impact strength; (B) Kevlar Mat type vs. Cryogenic treatment vs. Impact strength; (C) Weight ratio of TiO2 vs. Cryogenic treatment vs. Impact strength.
[image: Figure 5]FIGURE 5 | Actual vs. predicted values of TiO2/Kevlar-based hybrid nanocomposites, (A) tensile; (B) flexural; and (C) impact behaviors.
3.2 Artificial neural network
It is widely known that modeling and analysis of the extraction procedure may anticipate the extraction method and complex linkages. A useful tool for interpreting the link between inputs and enhanced experiments is artificial neural networks (ANNs). The ANN model can generalize recently acquired knowledge and learn the structure of the iterative mechanism from historical data. The input, hidden, and output neurons of the ANN model are three separate layers that could be used to estimate the association between the source and destination nodes. Learning (70%), evaluation (15%), and verification (15%) are the three categories into which all the information is arbitrarily split (Ismail et al., 2022; Pragadish et al., 2022).
The output of the ANN model is assessed using the performance indicators of mean square and regression coefficients. The toolkit of MATLAB Version R2015 was used to run the ANN calculations for this investigation. We used a three-layer ANN with a Levenberg–Marquardt back-propagation algorithm of 1,000 steps, a tangential sigmoidal function at the hidden state, and a linear activation functional at the output nodes. After constructing the system, the given statistical models are incorporated into the 4–4–3 ANN design (Figure 6). A correlation matrix and a proportional confidence level were used to evaluate the strategy. The entire flowchart for the ANN predictions is shown in Figure 7. The existing ANN system uses Formula 4 to compute the anticipated average inaccuracy.
[image: image]
[image: Figure 6]FIGURE 6 | ANN structure of Kevlar/TiO2/epoxy-based hybrid composites.
[image: Figure 7]FIGURE 7 | Flowchart of ANN for Kevlar/TiO2-based nanocomposites.
Table 6 displays the learning, verification, and assessment measurement categories and the estimated error percentage. Figures 8A–C show how well the neurological theory predicts the future. “Tensile” had a reliability of all parameters of 0.9764. The average number of predicted errors fell below 3%, with values of 0.9842 for bending and 0.9864 for impact; Figure 9 demonstrates this. Figures 10A–C illustrate the study results and the relationship between network flexibility. Observed variables were within the desired limits, and the investigation was applied to assess the accuracy of experimental data (Hemanth et al., 2017; Santhosh et al., 2018; Devarajan et al., 2021). The reliability of the investigation, prognosis, and ANN models is summarized in Figure 9. The study of experimental data revealed that both the RSM and ANN procedures provide trustworthy outcomes.
TABLE 6 | Comparison of experimental/ANN/error of a nanocomposite.
[image: Table 6][image: Figure 8]FIGURE 8 | Performance features of the ANN model: (A) tensile; (B) flexural; and (C) impact behaviors.
[image: Figure 9]FIGURE 9 | ANN model error plots for (A) tensile; (B) flexural; and (C) impact behaviors.
[image: Figure 10]FIGURE 10 | Comparison of experimental/ANN outcomes of (A) tensile; (B) flexural; and (C) impact behaviors of TiO2-based nanocomposites.
Compared to RSM-computed observations, the ANN method produced good outcomes and more reliable forecasts with an accuracy rating of 95%. The ANN optimum model facilitates the integration of the variability contributing to a given cast composition. Since it lowers costs, this is ideal for the parts of the automotive sector that employ natural fibers. Table 7 displays the mechanical property performance that performs best based on observable, analytical, and ANN results.
TABLE 7 | Optimum outcomes of nanocomposites.
[image: Table 7]4 MICROSTRUCTURAL ANALYSIS
The SEM photographs of Kevlar and Kevlar/TiO2 hybrid composites are shown in Figures 11A, B. Figure 11A shows the Kevlar fiber strengthened with epoxy. It was discovered that the strands had been pulled out of the polymer and that they developed a crack throughout the fiber. The intricate fiber pattern was a barrier against polymeric distortion and fracture development. Most of the TiO2 nanoparticles remained well coupled with the polymers for the 4 wt% of TiO2-reinforced Kevlar fiber epoxy laminated materials, as shown in Figure 11B. This indicates that the TiO2 nanoparticles were present in the polymer. However, a fracture might form through the pores on the TiO2 in well-combined TiO2 nanoparticles, as shown by a thin epoxy polymer film attached to the TiO2 nanoparticles. The surface of the fracture also appeared to be rough and to include branching, bending cracks, and crack pinning. Spherical silica-reinforced epoxy polymer was also studied for these features (Deka et al., 2005; Yıldırım et al., 2021) The outermost layer of fracturing for the 6 wt% TiO2 and Kevlar fiber-reinforced epoxy polymer was rough, and the spaces surrounding the fillers suggest that the TiO2 particles may have de-bonded from the polymer. Additionally, Figure 11C shows that fillers tended to collect. TiO2 nanoparticle buildup served as a carrier of failure that might further weaken the mechanical properties. After 20 and 30 min of cryogenic treatment, hybrid composites fail, as shown in Figures 11D, E. TiO2 filler is well bonded to fiber and matrix in Figure 11D. This may have occurred due to compressive stress in the laminate’s topmost layer. The matrix’s fracture propagation is shown in Figure 11E, which may be due to excessive tension building up in the composite.
[image: Figure 11]FIGURE 11 | Microstructural images of hybrid composites after tensile (MPa) failures of (A) pure Kevlar; (B) Kevlar/4 wt% of TiO2; (C) Kevlar/6 wt% of TiO2; (D) cryogenic at 20 min treatment, and (E) cryogenic at 30 min treatment.
5 CONCLUSION
An important development in composite substances and their efficacy in harsh environments may be seen in statistical optimization research employing RSM and ANN approaches. This discovery has revealed new ways of combining Kevlar fibers, epoxy matrix, and TiO2 filler to obtain improved mechanical qualities, which exceed what these materials are capable of on their own.
• Under this investigation, the lightweight material’s performance of TiO2-based interlaced Kevlar/epoxy-based hybridization was created and improved using RSM. The process parameter factors for TiO2- and Kevlar-influenced lightweight materials were set at 4% TiO2, 200 gsm of Kevlar, and 20 min durations of cryogenic processing following the multi-response surface approach. Correspondingly, the correlation coefficients for tension, bending, and impact strength (R2) are 0.9846, 0.9836, and 0.9850.
• The weight proportion of the inclusion of TiO2 additives is one of the greatest crucial elements, according to the RSM conclusion. Hybrid composites with improved mechanical properties result from the fusion of several elements. Since regulated fillers reinforce stability, the 4 wt% of TiO2 demonstrated increased mechanical strength compared to 2 wt% and 6 wt%. ANN verifies this because 6 wt% filler creates accumulation, which reduces the mechanical properties of the composites.
• 200 gsm of Kevlar fiber provides maximum mechanical strength compared to 100 gsm. This is because a mat made of 200-gsm fiber requires greater force to separate the fiber bundles. Cryogenic therapy lasting 20 min rather than 10 and 30 min shows the greatest strength. The fiber and matrix have higher compatibility after 20 min of cryogenic treatment.
• The ANN also displays values of 0.9864 for impact strength, 0.9842 for flexural, and 0.9764 for tensile. ANN and RSM models were used to predict the mechanical efficiency of the suggested nanocomposites with up to 95% reliability. Depending on the results of mechanical qualities as opposed to the real, RSM and ANN are anticipated to be more dependable.
The study of cryogenic settings is particularly interesting because it provides insights into how hybrid composites behave when exposed to extreme temperature variations. The difficulties presented by cold temperatures highlight the significance of creating materials capable of preserving their firmness in these circumstances.
6 APPLICATION AND FUTURE SCOPE
The study’s conclusions about the statistical techniques used to optimize TiO2-based interlaced Kevlar/epoxy hybrid composites have important ramifications for various applications. These improved lightweight materials exhibit superior mechanical qualities over and beyond those of their constituent parts. Advanced aircraft materials that can tolerate large temperature swings and provide hardness and endurance in challenging circumstances are examples of potential uses. These composite materials may also be used to create components with high strength and resistance appropriate for the automotive and military sectors. With precise weight ratios of TiO2 and Kevlar fiber, the improved composite formula guarantees better performance and dependability, making it a potential option for applications where structural integrity is crucial. The study also points to possible applications in industries such as construction, where stronger mechanical properties are crucial. These results open the door to creating composite substances with various uses in challenging situations, including aircraft and automobiles.
6.1 Future scope

• Advanced material development: The results offer a solid basis for further research into composite materials. Future studies might concentrate on customizing these materials for particular uses, such as lightweight and durable parts for the aerospace, automobile, and defense sectors. This may result in novel materials with even more remarkable qualities.
• Environmental considerations: Developing environmentally friendly composites has potential as people’s awareness of ecological issues grows. Research into environmentally friendly matrices, fillers, and manufacturing methods may create green hybrids that satisfy performance and sustainability standards.
• Smart composite materials: The creation of smart materials may be made possible by incorporating sensors and monitoring features into such composites. In particular, these substances are important for monitoring structural health in civil and aeronautical engineering applications because they can give immediate information on their strength and damage.
• Automation and industrial adoption: Another interesting area is the industrial use of these sophisticated composites. It is possible to expedite the manufacturing process and increase its cost-effectiveness and accessibility for various applications using automation and optimization.
• Cryogenic applications: Additional investigation into the behavior of these hybrid composites in cryogenic environments can yield important information for space exploration, medical technology, and other sectors that deal with extremely low temperatures.
• Predictive modeling: The precision of forecasting mechanical characteristics can be improved by creating more complex forecasting algorithms, perhaps with the help of artificial intelligence and machine learning. This would simplify the creation of materials with particular characteristics for various purposes.
• Cross-disciplinary collaborations: Creative solutions can be discovered through collaboration involving researchers from other domains, engineers, and materials scientists. For instance, the medical sector may profit from these materials’ strength, biocompatibility, and low weight to create implants and prosthetics.
The potential for innovation in a variety of sectors as well as the need for superior materials in various industries presents a large and attractive scope for advanced research in the field of hybrid materials.
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